R uptuRe is the most significant source of morbidity and mortality in the natural history of brain arteriovenous malformations (BAVMs) and is a leading cause of social and health care costs.
clinical, radiological, and biological characteristics at admission would be better for predicting long-term neurological outcome in patients with BAVM rupture than individual factors. Therefore, in this study we aimed to identify individual predictive factors of a poor outcome after BAVM rupture and to develop an admission score by combining these factors in a single-center cohort.
Methods

Ethics Statement
The ethics committee of our institution approved this study. The need for patients' informed consent was waived since we performed retrospective analyses of records and imaging data. Patients gave oral consent for the outcome interviews conducted by telephone.
Patients
We retrospectively reviewed the medical records of consecutive patients with BAVM rupture-related hemorrhage who had been admitted to our institution in the period from January 1, 2003, to January 31, 2014. Our institution is a tertiary care center that receives patients with acute and severe neuroradiological, neurosurgical, and neurological conditions. A list of patients was generated by searching the retrospective and prospective interventional neuroradiology department BAVM database. We also searched the discharge databases of the neurosurgery, neurosurgical intensive care, and neurology departments. All BAVM hemorrhagic events were eligible for inclusion, even cases of rupture following endovascular embolization. All of the patients had been admitted within 24 hours after hemorrhage. Each BAVM had been confirmed by digital subtraction angiography (DSA), CT angiography, MRI, or pathological analysis.
Management of Patients
All of the patients who were admitted to the intensive care unit or neurosurgery ward were managed using the same algorithm. At admission, patients with evidence of intraventricular hemorrhage (IVH) with hydrocephalus according to CT or a transcranial Doppler pulsatility index greater than 1.4 received an external ventricular drain (EVD). For patients without these criteria but with a degradation of consciousness or a tetraventricular dilation with associated brain atrophy, a second CT study was performed within 24 hours to diagnose a possible increase in ventricular size, leading to EVD placement. Any EVD infection was controlled with a protocol that included a single dose of prophylactic antibiotics in the operating room, minimal handling of the catheter, and no rinsing. Surgical evacuation of intracerebral hemorrhage was indicated when the hematoma was responsible for severe mass effect leading to a major midline shift, brain or cerebellar herniation, and/or uncontrollable intracranial hypertension. Emergent embolization was performed only in cases with an estimated high risk of early rebleeding, including those with the presence of intranidal/pedicular aneurysms or subependymal topography of BAVMs with IVH. Open surgery and embolization procedures were performed with the patient under general anesthesia. Severe intracranial hypertension (intracranial pressure > 20 mm Hg under sedation) was treated with CSF drainage, deepening of sedation, and, rarely, moderate hypothermia.
Admission Characteristics
The following characteristics were recorded by 1 of 2 authors (E.S. or M.D.): baseline (prehemorrhage) modified Rankin Scale (mRS) score, age, sex, history of high BP, antihypertensive therapy, anticoagulation or antiplatelet therapy, previous BAVM hemorrhage, seizure, headache, incidental discovery of the BAVM, past BAVM treatment (surgery, stereotactic radiosurgery, and/or embolization), and clinical characteristics at presentation (GCS score before sedation or treatment of hydrocephalus, heart rate, BP, oxygen saturation, and body temperature). Glycemia, creatinine, and troponin blood-test results at admission were recorded. Radiological data obtained from an admission CT scan or MR angiogram and DSA study were analyzed by a senior (F.C.) and a junior (E.S.) neuroradiologist blinded to the patient's clinical data. These radiological data were as follows: presence of an ICH, supra-or infratentorial location of the ICH, midline shift (> 5 mm), ICH volume, IVH, hydrocephalus, subdural hemorrhage, subarachnoid hemorrhage, maximal BAVM nidus diameter, superficial and/or deep venous drainage, BAVM in eloquent location, Spetzler-Martin grade, 21 and indication of proximal, pedicular, or nidal aneurysm. Disagreements between the 2 reviewers were resolved by consensus. The ICH volume was measured using the ABC/2 method, in which A is the greatest diameter on the slice on which the hematoma appears the largest, B is the diameter perpendicular to A, and C is the approximate number of axial slices, with hemorrhage multiplied by the slice thickness. 13, 16 The ICH volume was further subdivided into 1 of 4 categories: < 30 ml, ≥ 30 and < 60 ml, ≥ 60 and < 90 ml, and ≥ 90 ml. If the ICH was absent, its volume was noted as 0.
End Points
The primary end point was long-term disability as assessed by the mRS beyond 1 year after admission. 19, 24 Clinical outcome was evaluated by 1 of 2 authors (E.S. or M.D.) by phone interview or examination of the medical records. Four patients were included twice for 2 independent BAVM hemorrhagic events. For one of these patients, clinical outcome before the second hemorrhagic event was retrieved from the patient's file. For the 3 others, the final clinical outcome was used for the 2 independent hemorrhagic events. The secondary end point was inpatient mortality. Delta mRS (difference between long-term mRS score and baseline prehemorrhage mRS score) was calculated to account for the heterogeneity of the patients at baseline.
Statistical Analysis
To identify factors independently associated with poor long-term outcome (beyond 1 year after admission), univariate then multivariate models were evaluated using stepwise logistic regression. Only available data were analyzed. A variable was included in the multivariate logistic regression if it was clinically relevant and associated with a poor outcome in the univariate analysis (p < 0.05). Systolic BP was chosen to represent the hemodynamic state at admission. Intraventricular hemorrhage rather than hydrocephalus was included because it is less subject to interobserver discrepancy. The following variables were included in the multivariate logistic regression and stepwise analyses: initial glycemia > 8 mmol/L, systolic BP ≥ 160 mm Hg, midline shift (> 5 mm), deep venous drainage of the BAVM, 4-level ICH volume (< 30 ml, ≥ 30 and < 60 ml, ≥ 60 and < 90 ml, and ≥ 90 ml), 3-level consciousness score according to the GCS (GCS Scores 3 and 4, Scores 5-12, and Scores 13-15), and IVH. The GCS score categories were chosen to match those in the ICH score. 13 The different ICH volume cutoff points are multiples of the 30-ml cutoff point in the ICH score. The variable with the highest p value was removed at each step until all variables were significantly associated with a poor outcome (p < 0.05). The weights of the ruptured AVM prognostic (RAP) score components were derived from the odd radios of the most parsimonious model. We constructed receiver operating characteristic (ROC) curves and compared the area under the ROC curve (AUC) of the RAP score and the ICH score to predict poor long-term outcome and inpatient mortality. The AUCs of the 2 scores were also compared for the prediction of the change in the mRS score (delta mRS). Sensitivity analysis was performed by comparing AUCs after excluding recurrent hemorrhagic events, BAVM ruptures without ICH, patients with past BAVM rupture, and BAVM ruptures following embolization. The sensitivity, specificity, positive predictive value, and negative predictive value of the RAP score were extracted from the different ROC curves constructed.
Data are expressed as a percentage (with 95% confidence intervals [CIs]) for binary variables and as the mean ± standard deviation (SD) for continuous variables. All tests were 2-sided, and all provided probability values are uncorrected. Probability values < 0.05 were considered significant. Statistical analyses were performed using STATA version 11 (StataCorp).
Results
Patient Characteristics
One hundred thirty-five consecutive patients with 139 independent hemorrhagic events related to BAVM rupture were included in our analysis (Fig. 1) . Outcome was good after 79 AVM ruptures (56.8%) and poor in 60 cases (43.2%). The mean age at admission was 42 ± 14.9 years (range 15-73 years; Table 1 ). In 9 patients, BAVM rupture occurred after partial endovascular embolization; the mean delay after embolization was 3.3 ± 3.3 days. Twenty-five deaths occurred during the hospital stay (18% among 139 hemorrhagic events). Two additional deaths occurred during the follow-up period, after recurrent hemorrhages that were managed at another institution (at 6 and 33 months after the previous hemorrhagic event). One patient died of peritonitis 6 months after the hemorrhagic event. Overall mortality of the patients was 20.7% (28 of 135 patients).
Factors Associated With Poor Outcome After BAVM Rupture
Univariate analysis for long-term outcome showed that deep venous drainage, low initial GCS score, high BP, midline shift (> 5 mm), high ICH volume, IVH, hydrocephalus, and elevated glycemia were associated with a poor outcome (Table 2) . Conversely, age, presence of an ICH, infratentorial location of ICH, subdural hemorrhage, and subarachnoid hemorrhage were not associated with a poor outcome. Multivariate logistic regression followed by stepwise analysis showed that only 3-level GCS (GCS Scores 3 and 4, 5-12, and 13-15), 4-level ICH volume (< 30 ml, ≥ 30 and < 60 ml, ≥ 60 and < 90 ml, and ≥ 90 ml), and IVH were independently associated with poor longterm outcome (Table 3) .
Development of RAP Score and Comparison of RAP Score With ICH Score
The RAP score was designed by taking into account the odds ratios of the most parsimonious model. This score combines IVH, GCS score, and ICH volume into a single value between 0 and 11 (Table 4) . Complete data were available for calculating the RAP score in 132 of 139 (Fig. 2) . In our study population, a RAP score < 6 was associated with a poor outcome in 15.8% of cases (13 of 82 hemorrhagic events), whereas a RAP score ≥ 6 was associated with a poor outcome in 86% of cases (43 of 50 rupture events). For a RAP score ≥ 6, the sensitivity, specificity, and positive and negative predictive values for predicting a poor outcome were 76.8% (95% CI 63. Fig. 2D ).
Prediction of Delta mRS and Sensitivity Analysis
The RAP score was superior to the ICH score in predicting delta mRS ≥ 3 ( Supplementary Fig. 1 ). Sensitivity analysis was performed to test the robustness of RAP superiority over the ICH score. The study population comprised 4 patients who were included twice for 2 independent hemorrhagic events each. Moreover, the ICH score was created to predict outcome after ICH. Comparison of the AUCs showed that the RAP score was still superior to the ICH score in predicting poor long-term neurological outcome (Table 5 ) and inpatient mortality (Table 6) after excluding recurrent hemorrhage, BAVM ruptures without ICH, patients with prior BAVM rupture, and BAVM ruptures following embolization. Sensitivity, specificity, positive predictive value, and negative predictive value of the RAP score were calculated for these different subgroups (Table 7) .
Discussion
In this study we aimed to identify individual factors predictive of a poor long-term neurological outcome after BAVM rupture and to develop an admission prognostic score. The resulting RAP score was a better predictor of death and dependence (mRS score ≥ 3 beyond 1 year after admission) than the ICH score in our study population.
Brain AVM rupture is associated with high morbidity and mortality. After 139 hemorrhagic events, we observed a 43.2% rate of poor outcome, defined as an mRS score ≥ 3 beyond 1 year after admission. Comparable rates of death and dependence (40%) after BAVM rupture have been reported by the Scottish Intracranial Vascular Malformation Study.
23
Clinical grading scales enhance communication between health care providers and the quality of clinical research. They also provide a basis for decision making as regards aggressive neurocritical care. However, their use in clinical practice must be balanced against the risk of self-fulfilling prophecies of a poor outcome. 15, 25 Grading scales have been developed for disorders such as acute ischemic stroke (NIH Stroke Scale) and brain trauma (GCS). Development of the original ICH score included patients with secondary nontraumatic ICH; therefore, the score was intended to predict outcome after primary and secondary ICH. 13, 14 However, both initial studies and prospective external validation studies included low numbers of patients with ICH from secondary causes or excluded patients with secondary ICH. 4, [6] [7] [8] 13, 14 Attempts have been made to adapt the ICH score to BAVM rupture, but without improving performance in predicting outcome as compared with the original ICH score.
2
Several individual predictors of a poor outcome after BAVM rupture have been reported. 2, 3, 12, 17 The GCS score is an independent predictor of death or dependence after BAVM rupture. 23 It was found to be a strong predictor of outcome in the original ICH score and was thus subdivided into 3 groups according to the GCS score. 13 Our results The last 5 columns represent backward stepwise logistic regression and show p values at each step after the highest value was removed.
confirm this finding. Surprisingly, IVH was the strongest independent predictor of a poor outcome in our study population. Parenchymal BAVM hemorrhage has been associated with the highest stroke morbidity compared with subarachnoid hemorrhage and IVH. 3, 12 However, only isolated IVH (that is, not associated with ICH) was categorized as IVH in previous studies, resulting in 14%-16% rates of IVH after BAVM rupture. 3, 12 In the present study we considered all forms of IVH after BAVM rupture, whether or not it was associated with ICH. Our rate of IVH after BAVM rupture was 62%, which is similar to the rate noted by Gross et al., who specifically studied IVH and hydrocephalus after BAVM rupture. 10 Intraventricular hemorrhage after AVM rupture may be a surrogate for deep as opposed to more superficial AVMs. Nevertheless, IVH morbidity was independent from ICH, as demonstrated by multivariate analysis in our study. In contrast to previous reports, our study revealed that an infratentorial location of ICH from BAVM rupture was not associated with a poor outcome.
1 This finding may reflect the low incidence of infratentorial ICH in our series (13.8%) or a selection bias due to increased prehospital mortality in infratentorial ICH. An alternative explanation may be that infratentorial ICH could be more frequently associated with IVH, which was found to be the strongest predictor of a poor clinical outcome in our study. Note that we also found no effect of age on clinical outcome. The effect of age on outcome after BAVM rupture remains controversial. 3, 17, 22 It is noteworthy that none of the individual components of the Spetzler-Martin grade affected outcome. A possible explanation is that prognosis is determined much more by the initial gravity of a BAVM rupture than by therapeutic management. However, it is possible that in a larger cohort, which has more statistical power, factors with a more subtle effect on long-term outcome may emerge, includ- 
The total RAP score is the sum of the points corresponding to each component (the score ranges from 0 to 11).
ing treatment-related characteristics. Using the identified predictors, we developed a RAP score that is accurately associated with a poor outcome in our study population. Furthermore, the RAP score predicted a poor long-term outcome and inpatient mortality more accurately than the ICH score. The major limitations of our study are its retrospective design with the inherent risk of bias and lack of a validation cohort. Referral bias also limited our study, which was conducted in a specialized tertiary care center. Indeed, the study population may have been biased toward more severe forms of hemorrhage. Future external prospective cohorts and population-based studies are needed to ensure full validation of RAP scores' capacity to predict outcome after BAVM rupture. Only patient characteristics at admission were evaluated in our study. Consequently, several factors with potential impact on outcome are not analyzed, including rebleeding, vasospasm, and therapeutic interventions. Our study was also limited by the choice of long-term mRS score as the outcome. Follow-up data were unavailable in 12 of 147 patients with 151 BAVM hemorrhagic events. Moreover, a heterogeneous time point for outcome evaluation was chosen because of the follow-up heterogeneity and retrospective study design. However, we believe that long-term outcome is the most clinically relevant time point for outcome evaluation because a substantial proportion of patients improve throughout the 1st year post-ICH.
14 Inclusion criteria were purposely wide with the inclusion of patients with previous BAVM rupture, baseline disability, partial BAVM treatment, and hemorrhage following BAVM embolization, which may differ from spontaneous BAVM rupture in terms of mechanism. This choice may have increased the population's heterogeneity. However, limiting exclusion criteria also favors generalizability (external validity) of the study. Moreover, sensitivity analysis showed that the RAP score was still superior to the ICH score after excluding recurrent hemorrhages, BAVM ruptures without ICH, patients with prior BAVM rupture, and BAVM ruptures following embolization. The ICH score is both easy to use and accurate in predicting outcome after BAVM rupture, and it remains to be proved that the RAP score's superiority in the current study translates into a clinical benefit. Finally, the RAP score must be validated for other end points, such as functional outcome at hospital discharge after BAVM rupture or long-term neurological deficit (for example, the NIH Stroke Scale), activities of daily living (for example, the Barthel Index), global disability (for example, the Glasgow Outcome Scale), 20 and neuropsychological outcome.
Conclusions
In summary, BAVM rupture was associated with high morbidity and mortality in this study. Factors indepen- dently associated with a poor outcome after BAVM-related hemorrhage were IVH, GCS score, and ICH volume. These factors were combined to form a new admission score, the RAP score, which is better than the ICH score in stratifying patients based on the risk of a poor outcome after BAVM rupture.
